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Molecular chaperones are stress proteins that allow the correct folding or unfolding as
well as the assembly or disassembly of macromolecular cellular components. Changes
in expression and post-translational modifications of chaperones have been linked to
a number of age- and stress-related diseases including cancer, neurodegeneration,
and cardiovascular diseases. Redox sensible post-translational modifications, such as
S-nitrosylation, glutathionylation and phosphorylation of chaperone proteins have been
reported. Redox-dependent regulation of chaperones is likely to be a phenomenon
involved in metabolic processes and may represent an adaptive response to several
stress conditions, especially within mitochondria, where it impacts cellular bioenergetics.
These post-translational modifications might underlie the mechanisms leading to
cardioprotection by conditioning maneuvers as well as to ischemia/reperfusion injury. In
this review, we discuss this topic and focus on two important aspects of redox-regulated
chaperones, namely redox regulation of mitochondrial chaperone function and cardiac
protection against ischemia/reperfusion injury.
Keywords: cardioprotection, ischemia/reperfusion, heat shock proteins, nitrogen reactive species, reactive
oxygen species, redox signaling, mitochondria
INTRODUCTION
Chaperones are proteins responsible for folding, transport, maturation, assembly, and activation
of many different proteins, impacting on a wide variety of cellular processes. Chaperones act
by binding to protein unfolded domains and, through different mechanisms, promoting protein
re-folding and/or avoiding the formation of toxic misfolded protein aggregates. Moreover,
they promote the degradation of proteins irreversibly misfolded via the ubiquitin-proteasome
pathway or through autophagy. Chaperones play an important role in preserving proteins
that exert their functions through considerable conformation changes, like receptors and signal
transduction mediators. In these cases, protein activation and de-activation imply cyclic structural
reorganization, potentially dangerous for protein stability. Moreover, chaperones play an important
role in the assembly of multiprotein complexes, likely by facilitating the structural changes
caused by the association of the different subunits. Chaperone proteins function in different cell
compartments, including endoplasmic reticulum (ER) and mitochondria. In the ER, a specific set
of chaperones is devoted to assisting the folding of proteins during their maturation, but they
also take part to a quality control machinery, that induces degradation of proteins that fail to
reach their active conformation and in generating signals that increase chaperone transcription
and translation in case of massive protein unfolding (the Unfolded Protein Response; Groenendyk
et al., 2010). In mitochondria maintaining protein folding is particularly challenging due to
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the specific mechanism of protein import, the presence of
reactive oxygen species (ROS) and the need to assemble
proteins synthesized in the cytoplasm and inside the organelle
in large multiprotein complexes. Mitochondria possess specific
chaperones able to face these difficult tasks and to perform a
dedicated quality control (Haynes and Ron, 2010). Furthermore,
chaperones are even secreted by cells and can act in the
extracellular milieu by chaperoning secreted factors or by
signaling through membrane receptors (Eustace and Jay, 2004;
Calderwood et al., 2016).
In summary, chaperone proteins exert a number of essential
functions in eukaryotic cells in physiological situations, although
their action is even more crucial under stress conditions. In
this review, we will focus on the role of chaperone proteins
in the heart. Indeed, cardiomyocyte cytoplasm is crowded with
proteins, mainly forming the specialized contractile apparatus,
that interact the ones with the others building solid complexes,
able to cope with relevant mechanical stress. The proper folding,
assembly and turnover of this multitude of proteins depend on
chaperone protein activity (Christians et al., 2014; Tarone and
Brancaccio, 2014). Protein misfolding can occur due to a number
of means, as genetic mutations, inaccurate post-translational
modifications, excessive mechanical stretch and ROS production.
Notably, the accumulation of misfolded proteins characterizes a
number of cardiac diseases, like hypertrophic cardiomyopathy,
idiopathic dilated cardiomyopathy, myocardial infarction and
genetic cardiomyopathies. Furthermore, the induction of protein
aggregates causes cardiomyopathy in animal models (Bulteau
et al., 2001; Tannous et al., 2008; Tian et al., 2012; Parry
et al., 2015). Accordingly, the forced expression of chaperone
proteins generally protects the heart from many different stress
conditions, including the production of ROS (Tarone and
Brancaccio, 2014).
In this review, we consider the response of chaperones
to ROS production, the redox aspects that can influence
chaperone function within the heart during ischemia/reperfusion
and chaperone importance in protecting the heart from
deleterious consequences. We also focus on chaperone role
within mitochondria, as these organelles are extremely important
in cardiac activity both in physiologic and pathological
conditions.
REACTIVE OXYGEN AND NITROGEN
SPECIES AND REDOX SIGNALING
ROS derive from several enzymatic activities in cardiomyocytes
and other cells of the cardiovascular system (e.g., endothelial and
smooth muscle cells), with mitochondria representing the main
source for their production. Indeed, about 2% of oxygen (O2)
consumed by cardiac mitochondria is transformed to superoxide
anion (O–•2 ) due to the incomplete reduction of O2. Therefore,
O–•2 is mainly a byproduct of aerobic respiration. Following
spontaneous dismutation, it is transformed to hydrogen peroxide
(H2O2), which via the Fenton reaction can be converted in the
highly reactive hydroxyl radical (OH•) (Turrens, 2003; Tullio
et al., 2013; Henstridge et al., 2016). H2O2 can be inactivated by
glutathione catalyzed by glutathione peroxidase or catalase (Radi
et al., 1991; Arai et al., 1999).
Reactive nitrogen species (RNS) refer to the reactivemolecules
stemming from nitric oxide (NO•), the signaling gaseous
molecule, which in certain conditions may act as an antioxidant.
It is mainly synthesized from L-arginine by the nitric oxide
synthases, NOS1 (neuronal NOS, nNOS), NOS2 (inducible
NOS, iNOS) and NOS3 (endothelial NOS, eNOS). In the
heart, NOS3 is mainly found in the caveolae of coronary
vascular endothelium, whereas cardiomyocytes constitutively
express NOS1 and NOS3 in different subcellular structures, while
inducible NOS2 expression can be triggered by several stimuli,
including infections, heart failure and ischemia/reperfusion
(Brown and Borutaite, 2007; Tullio et al., 2013; Penna et al.,
2014a). The possibility that mitochondria are important sources
of NO• via a mitochondrial NOS (mitoNOS) variant has been
proposed. However, definitive evidence concerning the existence
of mitoNOS is not yet available (Lacza et al., 2009).
Nitric oxide can be formed also by other enzymatic and
non-enzymatic reactions (Penna et al., 2014a). It can also be
transformed, by a redox reaction, into many reactive molecules
including nitroxyl (HNO), nitrite (NO−2 ), and peroxynitrite
(ONOO−), each one has different functional effects (Wink et al.,
2003; Brown and Borutaite, 2007; Tocchetti et al., 2011; Tullio
et al., 2013; Penna et al., 2014a).
Under pathophysiological conditions, excessive, unbalanced,
ROS and RNS formation may be deleterious for organelle
and cell activity as they can accumulate and damage proteins,
lipids, and DNA. However, it is now clear that they are also
involved in many important signaling functions. Moreover,
ROS and RNS can interact to shift from a form to another
with more or less reactivity potential. ROS/RNS can induce
discrete, reversible and site-specific modifications in proteins,
controlling a redox signaling in physiological changes in channel
and enzyme function, as well as regulation of transcription.
On the other hand, ROS/RNS can induce alterations, diffuse
and irreversible, defined as redox stress. The latter is involved
in pathophysiological processes together with other pathologic
conditions such as inflammation. Proteins more commonly
targeted by ROS/RNS contain sensible amino acidic side chains,
including cysteine, methionine and histidine, or coordinated
metal centers that regulate their conformation and function
(Giles et al., 2003). For instance, NO• can react with O–•2 to form
ONOO−, which can impair directly and irreversibly tyrosines in
the proteins, yielding tyrosine nitration, a result that is frequently
deleterious. NO• can react also with ONOO− to form N2O3
which can, in turn, react with the so-called “reactive cysteines”
to yield S-nitrosylation or S-nitrosylated proteins (PSNO), a
result that is frequently beneficial. Indeed, S-nitrosylation sheds
cysteine from further oxidation processes.
Cysteine residues of proteins display chemistry versatility,
thus these residues may achieve multiple oxidation states and,
therefore, are particularly suited to the task of switching from
signaling to stress. Indeed, the reactive cysteines can react
with ROS/RNS to produce a number of species comprising
PSNO. Reactive cysteines can also react with glutathione to
form mixed disulfides, such as S-glutathionylation (see below)
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(Hurd et al., 2005a; Penna et al., 2014a). Intra- and inter-
molecular disulfide bonds (PSSP) can also occur. If ROS are
excessive, protein thiol oxidation can progress to sulfinic acid
(PSO2H) and sulfonic acid (PSO3H), leading to irreversible
protein dysfunction, representing redox stress (Hurd et al.,
2005b).
S-nitrosylation, which is emerging as the paradigm of redox
signaling, is the incorporation of nitric oxide moiety to a sulfur
atom to form the SNO bond in proteins (PSNO). S-nitrosylation
being a signaling modality that acts as a reversible molecular
switch resembles the phosphorylation/dephosphorylation in
kinase signaling (Hess et al., 2005; Penna et al., 2014a).
An interesting process is the formation of a disulfide bond
(PSSP) with a concomitant release of NO-moiety that take place
by nucleophilic attack of proximal protein thiols to the site of
SNO. While S-nitrosylation may occur with different reaction
mechanisms, denitrosylation may be due to S-nitrosoglutathione
reductase and/or the intervention of thioredoxin system (namely
the cytosolic Trx1 and the mitochondrial Trx2). These are
considered the two main enzymatic systems for denitrosylation,
which, actually, may also occur for non-enzymatic processes
(Sengupta et al., 2007; Benhar et al., 2008; Penna et al., 2014a).
For instance, thioredoxins denitrosylate proteins and then
thioredoxin reductase regenerates thioredoxins (Penna et al.,
2014a).
As said, another modification of protein cysteine residues
representing a redox signaling modality is S-glutathionylation,
which refers to a covalent modification of a cysteine residue
by glutathione. S-glutathionylation comprises a mixed disulfide
species (PS-SG). Proteins particularly rich in cysteine are
susceptible to glutathionylation especially in the presence of
alkaline pH, which favors deprotonation of protein thiols and
reaction with glutathione. Of course, S-glutathionylation, like
other signaling processes, is reversible through a process called
deglutathionylation. In this process, the main enzymes involved
are glutaredoxin and thioredoxins. Also, reduction of disulfides
may be responsible for deglutathionylation when the GSH pool
is reduced (Beer et al., 2004).
S-nitrosylation and S-glutathionylation interact: glutathione
reductase removes the NO fraction from proteins through
the transnitrosation of SNO with GSH to form GSNO (S-
nitrosoglutathione), which will, in turn, be converted into GSH
by S-nitrosoglutathione reductase.
The dynamic S-nitrosylation/denitrosylation and
glutathionylation/deglutathionylation reactions are of
pivotal importance in the regulation of the cardiovascular
system. For example, in transgenic models of increased or
decreased activity of S-nitrosoglutathione reductase, the sepsis-
induced myocardial depression is positively influenced by
denitrosylation/deglutathionylation. Therefore, besides guanylyl
cyclase activation and cGMP production, NO• may affect
pathophysiology via S-nitrosylation and S-glutathionylation of
proteins, including chaperones (Figure 1; Sengupta et al., 2007;
Benhar et al., 2009; Anand and Stamler, 2012; Beigi et al., 2012;
Martínez-Ruiz et al., 2013).
As described above and as reported below, cells have
evolved multiple fine-regulated systems to balance their redox
FIGURE 1 | Oxygen and nitrogen reactive species regulate S-nitrosylation and
glutathionylation of proteins, impacting on cardiac pathophysiology.
homeostasis, including detoxifying enzymes and reducing
proteins. The regulation of ROS levels is a critical point in cells.
Indeed, ROS/RNS play important roles in different signaling
pathways (Rhee, 2006; D’Autreaux and Toledano, 2007; Tullio
et al., 2013). However, once ROS exceed the antioxidant capacity
of the cell, it causes oxidative stress. ROS can induce important
alterations in the function and structure of DNA, lipids and in
particular proteins rich in cysteine, methionine, and histidine
(Imlay, 2003). Interestingly, these ROS-sensible amino acidic side
chains are frequently present in chaperone proteins, suggesting
that ROS can regulate chaperone oxidation state and activity
under oxidative stress conditions.
REDOX REGULATION OF CHAPERONE
PROTEINS
Chaperones are highly conserved proteins that may play a huge
protective role during cellular stress and pathologic conditions.
Important redox modifications of chaperone proteins have been
described in oxidative stress conditions.
HSP33 is a well-known redox-activated chaperone protein in
prokaryotes that protects bacteria from oxidative stress damage,
preventing protein unfolding and aggregation (Winter et al.,
2008). In vitro experiments demonstrated that HSP33 is activated
by hydrogen peroxide and heat shock through the formation
of reversible disulfide bonds. A first disulfide bond in the C-
terminal domain of the protein induces the unfolding of its zinc-
binding domain and the linker region between the C-terminal
and the N-terminal substrate-binding domain. The formation
of a second disulfide bond blocks the linker region in the
unfolded conformation, exposing a highly hydrophobic surface.
This favors the interaction between two oxidized HSP33 in a
stable chaperone-active homodimer that binds unfolded proteins
under oxidizing condition (Graumann et al., 2001; Ilbert et al.,
2007).
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Asna1/TRC40 (transmembrane recognition complex 40),
similarly to HSP33, functions as a redox-regulated chaperone
during oxidative stress, in eukaryotes (Voth and Jakob,
2017). In non-stress conditions, Asna1/TRC40 is devoted
to facilitating the post-translational delivery of tail-anchored
proteins to the mammalian endoplasmic reticulum. However,
in oxidative conditions, the formation of a disulfide bond
induces a conformational change in the protein that oligomerizes
and behaves as a molecular chaperone. The possibility that
Asna1/TRC40 protects mammalian tissues from oxidative stress
is still under investigation (Voth and Jakob, 2017). Moreover,
also other proteins as the PLP-dependent aminotransferases
hBCAT or the antioxidant enzymes 2-cys peroxiredoxins are
known to be oxidized under severe oxidative stress condition,
inducing the formation of high molecular weight oligomers
or supra-molecular complexes with chaperone activity (Jang
et al., 2004; El Hindy et al., 2014). In eukaryotes, redox
alterations are described in various chaperone proteins, as
GRP58, GRP78, HSC70, HSP90, HSP70, and HSP60 (Fratelli
et al., 2002; Lind et al., 2002; Scroggins and Neckers, 2007; Wang
et al., 2012). HSP90 is one of the most important molecular
chaperones, involved in different signaling pathways in normal
and pathological conditions. HSP90 activity is determined by its
ability to hydrolyze ATP and is regulated by the binding with
small co-chaperone proteins. Intriguingly, the HSP90 function
is modulated also by various post-translational modifications, as
phosphorylation, acetylation, ubiquitination, S-nitrosylation and
oxidation (Scroggins and Neckers, 2007). In endothelial cells,
NO• binds to the thiol side chain of cysteine-597 in the C-
terminal domain of HSP90, compromising its ATPase activity
and thus inhibiting its chaperone function (Martínez-Ruiz et al.,
2005). In human breast cancer MDA-MB-231 cells, the treatment
with the cytotoxic steroid tubocapsenolide A induces an increase
in oxygen reactive species and a reduction in intracellular
glutathione content. In this condition, ROS determine a thiol
oxidation of HSP90 causing the loss of its chaperone activity
and the consequent proteasomal degradation of its client proteins
(Chen et al., 2008).
TRAP1 (tumor necrosis factor receptor-associated protein
1), the mitochondrial homolog of HSP90, is subjected to
S-nitrosylation in tumor cells lacking S-nitrosoglutathione
reductase (GSNOR). S-nitrosylation at cysteine-501 causes an
accelerated proteasomal degradation of TRAP1, inducing an
increase in levels and activity of succinate dehydrogenase (SDH),
normally inhibited by TRAP1, sensitizing cells to SDH-inhibitors
chemotherapy. Other aspects of TRAP1 function are described
below (see “Chaperones in mitochondria”).
Protein Disulfide-Isomerase (PDI) is another well-known
redox-dependent chaperone in humans, ubiquitously expressed
and mainly localized in the endoplasmic reticulum (Hatahet and
Ruddock, 2009). PDI catalyzes the folding of its substrates under
oxidative conditions. PDI activity is related to its conformation,
which is in turn dependent on the redox state of its active sites.
In particular, the oxidation of its active sites determines the
conversion of PDI from a compact to an open conformation
exposing the substrates-binding surface. PDI binds to unfolded
proteins and, by reducing its own disulfide bonds, induces the
formation of disulfides in the substrate. The reduction of its
active sites determines the return to its compact conformation,
releasing the folded substrate (Wang et al., 2015).
HSP27 is a molecular chaperone active when aggregated
in a high molecular weight complex. In ischemia/reperfusion
(I/R) injury, HSP27 cysteine-141 forms a disulfide with
a low-molecular-weight thiol, such as glutathione (S-
glutathionylation), and this modification induces the
disaggregation of the multimeric complex and the loss of
its chaperone activity (Eaton et al., 2002).
HSP70 and HSP60 are two other chaperones susceptible
to S-glutathionylation under oxidative stress conditions. The
overexpression of HSP70 is protective against oxidative damage
in H9C2 cells exposed to oxidative reagents or hypoxia as well
as in vivo models subjected to ischemic injury (Marber et al.,
1995; Chong et al., 1998; Okubo et al., 2001). It has been
suggested that S-glutathionylation of HSP70 may potentiate its
chaperone activity (Fratelli et al., 2002). A similar regulation
is proposed also for HSP60, a predominantly mitochondrial
chaperone known to be upregulated by the accumulation
of unfolded and oxidized molecules within mitochondria. In
accordance, HSP60 overexpression protects against ischemia-
reperfusion injury (Fratelli et al., 2002; Lind et al., 2002).
CHAPERONES IN THE HEART
The intense, restless contractile and metabolic activities of the
heart require a continuous supply of oxygen and nutrients
and a tight control of synthesis, folding and turnover of
macromolecules, including proteins. In the case of cardiac
overload and in stress conditions, the greater myocardial
energy demand may enhance the leakage of electrons from
mitochondrial complexes I to III andmay induce ROS formation,
which may overcome the anti-oxidant cell capacity, thus
damaging proteins and other target molecules. Indeed, the
accurate regulation of cardiac proteostasis may be impaired by
several stress conditions, including oxidative stress, causing an
accumulation of damaged and misfolded proteins that exceed
the cellular degradation ability. Unfolded proteins can thus
aggregate in toxic oligomers and finally in bigger insoluble
aggregates disrupting cardiomyocyte structure and function
and leading to cardiomyopathy (Willis and Patterson, 2013;
Del Monte and Agnetti, 2014; McLendon and Robbins, 2015).
Nevertheless, oxidative stimuli may also induce the activation
of intracellular signaling pathways to sustain the cardiac activity
and prevent the onset of cardiomyopathy (Tarone and Lembo,
2003; Sorge and Brancaccio, 2016). Of note, proteins involved in
signal transduction are often metastable, changing conformation
during activation/deactivation processes. This feature confers to
these proteins a particular propensity to denaturate in stress
conditions (Conway and Lee, 2015).
The heart is rich in chaperones and co-chaperones and under
stress conditions, it increases chaperone expression and activity
to cope with unfolded protein accumulation and sustain the
activation of protective pathways. Indeed, in the heart small heat
shock proteins and bigger chaperones, as HSP90 and HSP70,
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work in a coordinated fashion to regulate the intracellular
signaling cascade and the folding or degradation of unfolded
proteins (Hartl et al., 2011; Kriegenburg et al., 2012; Tarone and
Brancaccio, 2014).
HSP90 and HSP70 are considered the two most important
molecular chaperones and are both rapidly induced in stressed
hearts. The interaction with co-chaperones, that regulate
the binding to specific targets, allow them to induce the
conformational changes needed to activate/deactivate signaling
molecules and their assembly in pro-survival signalosome
complexes (Kupatt et al., 2004; Tarone and Brancaccio, 2014;
Parry et al., 2015). This chaperone machinery also promotes the
correct folding of specific “clients proteins” (http://www.picard.
ch/downloads/downloads.htm) and controls the degradation
of unfolded proteins and of protein aggregates, through the
proteasome and the autophagosome pathways (Ficker et al., 2003;
McDonough and Patterson, 2003; Carra et al., 2008; Arndt et al.,
2010; Taipale et al., 2010).
Small heat shock proteins are another group of chaperones
characterized by a α-crystallin domain which favors their
oligomerization in supramolecular complexes with chaperone
activity. Recent experimental evidence suggests an important role
for these chaperones in the stressed heart. Indeed, by binding
their client proteins, in some cases in association with HSP90,
they are able to promote protein folding, prevent misfolded
protein aggregation and support signal transduction pathways
(Vos et al., 2011; Bakthisaran et al., 2015; Haslbeck and Vierling,
2015).
For example, αB-crystallin (CryAB or HSPB5) is a small
chaperone fundamental for cytoskeletal proteins folding, in
particular for desmin and titin. Amissense mutation in its coding
gene induces the formation of desmin aggregates and causes a
cardiomyopathy (Vicart et al., 1998).
Other small heat shock proteins, like HSP27, HSP20, HSP22,
andMelusin are induced under stress conditions favoring protein
folding and pro-survival signaling activation (Sui et al., 2009; Fan
and Kranias, 2011; Christians et al., 2012; Sorge and Brancaccio,
2016). The mitochondrial and protective role of these and other
chaperones are described in the following paragraphs.
CHAPERONES IN CARDIAC
MITOCHONDRIA
Mitochondria represent 35–40% of cardiac cell volume.
Therefore the role of chaperones in these organelles is
very important for cardiac function, especially in I/R and
cardioprotection. Mitochondrial chaperones have been
extensively studied in Saccharomyces cerevisiae elucidating
a complex system that can be generalized to all the eukaryotes.
In these organelles, specific chaperones assist proteins in their
import and folding and protect mitochondria from different
stress stimuli, like temperature and excessive ROS (Figure 2).
Mitochondrial HSP70 (mtHSP70), also known as Ssc1, Grp75,
PBP74, mot-2 or mortalin, is considered the most important
mitochondrial chaperone in higher eukaryotes. It is a member
of the HSP70 family characterized by an N-terminal ATPase
domain and a C-terminal peptide-binding domain. mtHSP70 is
translated into the cytoplasm and transported into mitochondria
where it interacts with structural mitochondrial proteins,
metabolic enzymes and proteins involved in cell differentiation
and survival (Wadhwa et al., 1998, 2002, 2003; Schwarzer
et al., 2002). mtHSP70 is essential for pre-protein—precursors
of mature proteins—import from cytosol to the mitochondrial
matrix. Pre-proteins cross the double mitochondrial membrane
in an extended conformation thanks to a positive charged N-
terminal part, favored by the membrane electrochemical gradient
(Schwartz et al., 1999). mtHSP70 forms a complex with its co-
chaperone Mge1, a homolog of the bacterial Grp3 protein, that
induces the release of ADP and Pi augmenting the ATPase
activity of mtHSP70 (Dekker and Pfanner, 1997). Mge1 may
stabilize the interaction of mtHSP70 with the inner membrane
protein Tim44 to create a molecular motor that uses the
energy from the ATP hydrolysis for the full translocation of the
polypeptide chains inside the mitochondria (Figure 2; Wachter
et al., 1994; Schneider et al., 1996).
Another important role of mtHSP70, not related to the
translocase activity, is in protein folding and prevention of
protein aggregation. Indeed mtHSP70 interacts with another
cochaperone, Mdj1, a homolog of the bacterial DnaJ protein, and
they associate with newly imported or neo-synthesized proteins
or with misfolded aggregate proteins to mediate their folding
to the native conformation (Figure 2; Herrmann et al., 1994;
Prip-Buus et al., 1996).
Ecm10 and Ssq1 are two other HSP70 family proteins
contained withinmitochondria. Ecm10 is a very close homolog of
mtHSP70, likely involved in different functions (Baumann et al.,
2000). Ssq1 is a mtHSP70 homolog involved in the maintenance
of the mitochondrial genome and in the assembly of iron/sulfur
(Fe/S) containing complexes (Schilke et al., 1996, 1999). In
particular, Ssq1, regulated by the co-chaperone proteins Mge1
and Jac1, is responsible for the formation of Fe/S clusters and for
their assembly into functional protein complexes (Figure 2; Lutz
et al., 2001; Schmidt et al., 2001).
HSP60 and HSP10, two chaperone proteins translated in the
cytoplasm and then imported into the mitochondrial matrix
play an important function in mitochondrial protein folding.
HSP60 consists of a double ring system each composed of seven
protein subunits (Xu et al., 1997). The co-chaperone HSP10,
a homolog of the bacterial GroES, forms a cap closing the
opening of the inner cavity of the HSP60 double ring, regulating
substrate accessibility and ATPase activity (Martin et al., 1993;
Fenton et al., 1996; David et al., 2013). Pre-folding proteins and
newly imported pre-proteins enter the cavity of the complex and
acquire their native conformation thanks to an ATP-dependent
reaction (Figure 2; Ostermann et al., 1989; Brinker et al., 2001).
Recent studies also indicate that HSP10 can be involved in the
RasGTPase pathway, protecting myocytes from I/R damage, and
that it interacts with caspase 3 andmodulates Bcl-2 family factors,
suggesting a potential anti-apoptotic role in cardiomyocytes
(Shan et al., 2003; Lin et al., 2004).
HSP78 and Prohibitins are other significant chaperones
and proteins involved in the folding process inside the
mitochondria. HSP78, activated by heat stress, and Mcx1,
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FIGURE 2 | The complex interplay of chaperone proteins in regulating the apoptotic process in cardiomyocytes.
members of the HSP100 family mediate protein folding
and degradation of irreversibly damaged proteins (Figure 2).
Prohibitins, induced after heat shock, oxidative and metabolic
stress, act as foldase-unfoldase and control the AAA-proteases
activity in protein degradation. Prohibitin complexes control cell
proliferation, cristae morphogenesis and the functional integrity
of mitochondria (van Dyck et al., 1998; Steglich et al., 1999;
Krzewska et al., 2001; Nijtmans et al., 2002).
As said, mitochondria are themain sources of ROS production
in the cardiomyocytes and consequently the more subjected
to oxidative stress. TRAP1 is induced upon oxidative stress
and characterized by an anti-oxidant and anti-apoptotic activity
(Montesano Gesualdi et al., 2007). TRAP1 is strictly similar
to the cytosolic HSP90, with the same domain organization.
However, it has a different mechanism of folding, due to a
characteristic asymmetric conformation when bound to the
client in its ATP-binding state. The hydrolysis of a first ATP
determines a rearrangement of the chaperone conformation
and the client folding, then a second ATP hydrolysis induces
the release of the client and a switch of TRAP1 conformation
to its ADP-binding state (Lavery et al., 2014). TRAP1 has
an important role in mitochondrial homeostasis, maintaining
organelle integrity and preventing energy depletion under ROS-
induced stress. In particular, TRAP1 inhibits the cytochrome
oxidase (complex IV of the respiratory chain) and the succinate
dehydrogenase (complex II of the respiratory chain and
component of the TCA cycle), favoring themetabolic switch from
oxidative phosphorylation toward aerobic glycolysis, avoiding
ATP depletion and mitophagy under oxidative conditions
(Figure 2; Sciacovelli et al., 2013; Yoshida et al., 2013). TRAP1
has also an anti-apoptotic role as it antagonizes themitochondrial
permeability transition pore (mPTP) opening by inhibiting
the complex II-induced ROS release and the mPTP inducer
Cyclophilin-D (Figure 2; Kang et al., 2007; Guzzo et al., 2014).
New chaperones have been discovered in the last years with
multiple functions, as the small Tims chaperones, involved into
the import and translocation of proteins and metabolites in the
mitochondria, Tid1, a co-chaperone involved in mitochondrial
homeostasis and cell apoptosis, and Hep1 that favors mtHSP70
folding and regulate mitochondrial proteostasis (Petrakis et al.,
2009; Blamowska et al., 2012; Cheng et al., 2016). It is likely that
new mitochondrial chaperones are still to be discovered.
CHAPERONES IN PHYSIOLOGICAL
EXERCISE
It has been demonstrated in animals and humans that
physiological stress induced by exercise modulates the activity
and expression of HSPs in many tissues. Indeed, during
exhaustive or very intense exercise, the temperature of the
muscles can reach 45◦C, which can represent a thermal shock
able to induce HSPs expression. Moreover, other events, such
as oxidative stress (i.e., augmented levels of O•−2 and H2O2),
muscle damage and inflammatory response, can occur in this
type of exercise and may represent stimuli able to induce
HSP expression. Nevertheless, although the production of ROS
may play an important role in mediating the expression of
chaperones, no definitive evidences for a redox mechanism exist
in the exercise-induced chaperone expression (Dimauro et al.,
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2016; Henstridge et al., 2016). Both acute and chronic exercise
modulates the expression of specific HSPs in different organs in a
sex-dependent and species-specificmanner (Dimauro et al., 2016;
Henstridge et al., 2016). Several scientific studies have described
the probable relationship between induction of different HSPs
and ROS generated after acute exercise in humans. Salo et al.
(1991) reported that in rats, after intense and exhaustive exercise,
the levels of more than 15 HSPs, including HSP70, increase in
heart, liver and skeletal muscle tissues. In addition to HSP70,
also αB-crystallin, HSP27, HSP60 and HSP90 were described
among the chaperones induced by acute exercise in vastus
lateralis muscle and blood cells (Fehrenbach et al., 2000; Khassaf
et al., 2001; Fischer et al., 2006; Petersen et al., 2012). Other
studies have suggested that also various types of chronic exercise
could promote an adaptive homeostatic process that modulates
the expression of different HSPs in humans. Also in this case,
HSP70, αB-crystallin, HSP27, and HSP60 are upregulated and
associated to a redox response. Indeed, it has been reported a
good correlation between oxidative enzymes and HSP expression
in skeletal muscle (Vogt et al., 2001; Morton et al., 2008;
Cumming et al., 2014) and/or blood cells (i.e., leukocytes) (Simar
et al., 2012; Ziemann et al., 2013; Beltran Valls et al., 2014).
During repeated bouts of exercise, in the training period, the
expression of stress-proteins, as the aforementioned HSPs, can
occur together with the expression of antioxidants, leading to a
homeostatic adaptation. This adaptation brings gradually back
the HSP levels. Indeed, after weeks of training the levels of
HSP70 and HSP27 return to pre-exercise levels and animals that
have successfully completed a resistance training program no
longer show increases in HSPs performing the training exercises.
It seems that the acquired pro-reducing conditions of trained
animals prevent HSP induction by ROS (Salo et al., 1991; Beltran
Valls et al., 2014). Obviously, this will only be true as long as
physical exercise is maintained, so that, in case of detraining, it
will bring back the redox status and the new exercise bouts will
be able to re-induce “stress” and the expression of HSPs (Davies,
2016).
Though the precise mechanisms linking redox aspects
and HSP modulation during physiologic exercise is still not
completely understood, a ROS-mediated modulation of HSP
expression may be present during acute exercise and a putative
homeostatic process, underpinning the involvement of several
small HSPs, is described for chronic exercise (Cumming et al.,
2014).
CHAPERONES IN MYOCARDIAL
ISCHEMIA/REPERFUSION INJURY AND
CARDIOPROTECTION
In the heart, the mismatch between oxygen supply and demand
leads to myocardial ischemia, which has deleterious effects,
ranging from contractile impairment to cell death. The damage
due to ischemia may be exacerbated by reperfusion, inducing an
I/R injury.
ROS/RNS formation and impaired antioxidant capacity are
among the proposed mechanisms to explain the myocardial
I/R injury. The unbalanced redox changes lead to the
dysfunction of protective molecules against cellular death,
including deregulation of chaperones and co-chaperones. Indeed,
if chaperones do not work properly, misfolded proteins
cannot be repaired and may form insoluble aggregates.
These aggregates are highly dangerous for the cells and may
participate in the processes leading to cardiomyocyte death and
consequently to cardiovascular diseases, such as arrhythmias,
dilated cardiomyopathy and heart failure (Willis and Patterson,
2010, 2013; Tarone and Brancaccio, 2014, 2015).
Although prolonged episodes of ischemia followed by
reperfusion induce damage, transient episodes (a few minutes or
seconds) of ischemia before or after a prolonged cardiac ischemia
may induce cardioprotection with consequent reduction of
infarct size, myocardial dysfunction, and arrhythmias. These
procedures are referred to as ischemic preconditioning (IP) or
post-conditioning (PostC), respectively (Penna et al., 2014a).
Also, transient episodes of ischemia in a remote organ
before (remote ischemic pre-conditioning), during (remote per-
conditioning) or after (remote post-conditioning) a prolonged
ischemic insult can attenuate myocardial I/R injury (Lau
et al., 2017). Other physiological procedures able to induce
cardioprotection are repeated short-term episodes of exercise
(exercise preconditioning), that can trigger a phenotype similar
to that induced by IP (Yuan et al., 2018). The same protection
could be obtained with pharmacological tools (Penna et al.,
2014a), given before, during or after an ischemic insult,
known as pharmacological conditioning. The cardioprotective
mechanisms of the various conditioning procedures (ischemic,
remote or pharmacological) are strongly associated. They may
induce two windows of cardioprotection: early preconditioning
(first window of protection) and late preconditioning (second
window of protection) (Yuan et al., 2018).
Ischemia/reperfusion as well as cardioprotective maneuvers
may affect transcription factors regulating chaperones, co-
chaperones, and several HSPs. In particular, a number of
experimental studies report that increasing chaperones, and
especially HSPs, may improve the outcome of I/R injury. Indeed,
an important role for HSPs has been described in both the first
and second window of protection (Dangi et al., 2015). Moreover,
several drugs may be potentially cardioprotective because of their
ability to affect the family of heat shock transcription factors
and to promote HSP expression within the heart (Willis and
Patterson, 2010, 2013; Tarone and Brancaccio, 2014).
Among transcription factors regulating chaperones, the
enhancement of heat shock transcription factor 1 (HSF-1), but
not the HSF-2 activity has been described after cardiac I/R in
post-ischemic rat heart (Nishizawa et al., 1996). Subsequently, it
has been observed that HSF-1 induction in I/R is mediated by
ROS and ATP levels (Chang et al., 2001; David et al., 2013). Also,
X-box binding protein 1 (XBP1), a transcription factor involved
in the endoplasmic reticulum chaperone neo-formation regulates
the cellular response to ischemia. Indeed, in hypoxic conditions,
a dominant-negative form of XBP1 determines an increase in
apoptosis in cardiomyocytes (Thuerauf et al., 2006). Moreover,
activating transcription factor 6 (ATF6), a transcription factor
boosting endoplasmic reticulum chaperone synthesis that is
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involved in the unfolded protein response, induces enhanced
expression of GRP78 and GRP94 chaperones in response to
I/R. ATF6 pharmacological blockade impairs heart function and
augments the mortality rate after myocardial ischemia (Delisle
et al., 2004; Toko et al., 2010).
HSP72/HSP70 (also known as inducible HSP70) has been the
focus of many types of research in I/R and cardioprotection
fields. Indeed, it has been reported that HSP70 and small HSPs,
such as HSP27, induce cardioprotection against irreversible
injury associated with I/R (Moghimian et al., 2014). HSP72
seems to increase at 1 week after coronary artery occlusion
(Tanonaka et al., 2003). Its expression in rat hearts, induced after
a single oral dose of geranylgeranyl acetone, an antiulcer agent,
protects against I/R injury (Ooie et al., 2001). The expression
of HSP70, instead, is rapidly induced in the ischemic-reperfused
heart (Nishizawa et al., 1996). Cardioprotective effects of HSP70
have been reported in isolated adult cardiac myocytes and in
transgenic mouse hearts (Knowlton et al., 1991; Heads et al.,
1995; Plumier et al., 1995; Lepore et al., 2001; Okubo et al.,
2001). HSP72/HSP70 participates to cardioprotection induced
by exercise preconditioning, early and late protection, where
HSP70 repairs unfolded proteins or may stabilize the function
of the endoplasmic reticulum (Yuan et al., 2018). Although
several pieces of evidence suggest that brief ischemia triggers the
expression of HSP70 (Polla, 1988; Knowlton et al., 1991; Sun
et al., 1995) and that HSP70 is actively associated withmyocardial
protection (Marber et al., 1995; Plumier et al., 1995; Chiu et al.,
2003; Guisasola et al., 2006), it has been suggested that the
induction of HSP72, as end effectors of protection in ischemic
preconditioning, does not occur in the first, but in the second
window of protection.
The overexpression of HSP70 seems also to augment the NO•
production in response to cytokine stimulation, thus protecting
cultured cells from TNFα injury (Latchman, 2001). HSP70 is also
present in the exosomes, small vesicles released from cells into
the blood. They can transmit signals with activation of protective
pathways in cardiomyocytes via toll-like receptor (TLR) 4. The
cardioprotective mechanism of exosomes seems mediated by
HSP70, which activates a pathway downstream of TLR4, with
action on ERK1/2 and p38MAPK and phosphorylation of HSP27
(Vicencio et al., 2015).
HSP90 is essential for the integrity and correct function
of numerous signaling proteins. The increased expression
of HSP90 has been described in the myocardium after
I/R (Nishizawa et al., 1996). Indeed, during the ischemic
preconditioning, HSP90 is activated by situations of cellular
stress and facilitates the mitochondrial importation of cytosolic
proteins (Jiao et al., 2008). Intriguingly, HSP90 is involved in
the mitochondrial importation of connexin 43, which together
with the adenosine triphosphate-sensitive K+ channels, is
fundamental in cardioprotection from ischemic preconditioning
(Rodriguez-Sinovas et al., 2006; Jiao et al., 2008). Furthermore,
PostC improves the translocation of PKCε to mitochondria
in an HSP90-dependent manner (Zhong et al., 2014). HSP90
is involved in the reduction of apoptosis and cardiomyocyte
necrosis, favoring the induction of Bcl-2 anti-apoptotic
protein and the inhibition of pro-apoptotic Bax in the
mitochondrial fraction (Zhong et al., 2014; Figure 3). Yet,
HSP90 binds NOS3 and stimulates its activity (Latchman,
2001) and its overexpression has been reported to reduce
I/R lesions via the Akt/NOS3 pathway (Kupatt et al.,
2004).
As said above, an HSP90 homolog is the TRAP1/HSP75.
It is targeted to mitochondria where is fundamental for
mitochondrial integrity and protection from cell death caused
by oxidative stress (Montesano Gesualdi et al., 2007). Recent
studies have reported the protective action of TRAP1 against I/R-
induced mitochondria dysfunction and cell injury (Zhang et al.,
2015). In cardiac models both I/R and hypoxia/reoxygenation
protocols induced TRAP1 (Xiang et al., 2010; Kim et al., 2012). Its
overexpression hinders hypoxia-induced mitochondrial injury
and cell death also in isolated rat cardiomyocytes (Williamson
et al., 2008).
Melusin is a chaperone protein selectively expressed in cardiac
and skeletal muscles, able to act as co-chaperone in the HSP90
machinery. Melusin limits cardiomyocyte death and ameliorates
adaptive hypertrophy signaling pathways in response to different
stress conditions, including cardiac I/R (Penna et al., 2014b;
Tarone and Brancaccio, 2015). The overexpression of Melusin
confers resistance to cardiac I/R injury via activation of AKT
and ERK kinases and increasing HSP90 expression (Penna et al.,
2014b).
HSP60 is a chaperone considered as a good marker for
monitoring myocardial damage and heart failure. Intriguingly,
high anti-HSP60 antibody levels correlate with high levels of
brain natriuretic peptide and with left ventricular end-diastolic
dimension, and the HSP60 levels correlate with the extent of
cardiac dysfunction (Novo et al., 2011). It has been reported that
HSP60 increases few weeks after coronary artery occlusion in
rat heart (Tanonaka et al., 2003; Toga et al., 2007; Wang et al.,
2010). Also in human ischemic heart disease, HSP60 doubled its
expression in comparison to control subjects (Knowlton et al.,
FIGURE 3 | Overview of mitochondrial chaperone proteins.
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1998). HSP60 has different localizations: it is present in the
exosomes and in the extra-mitochondrial cytosol of several cells.
In the cardiac tissue, the cytosolic HSP60 forms complexes with
Bax, Bak, and Bcl-XL, but not with Bcl-2. During hypoxia,
HSP60 cellular distribution changes, leaving the cytosol and
translocating to the plasma membrane (Gupta and Knowlton,
2005). In ischemic heart disease, instead, HSP60 translocates
from the cytoplasm to mitochondria (Sidorik et al., 2005).
Increased expression of cardiac HSP60 after 9–12 weeks of
coronary artery ligation in rats has been correlated with NF-κB
activation (Wang et al., 2010). However, it has been proposed
that low doses of lipopolysaccharide could provide a means
of reducing myocardial I/R injury by increasing HSP70 with a
subsequent inhibition of NF-κB (Yao et al., 2011). This apparent
discrepancy on the role of NF-κB may reflect the importance
of a sequential involvement of the different chaperones in
determining the protective effects in the I/R context.
HSP56/FKBP52 is part of the family of FK506-binding
proteins (FKBPs) and behaves as a co-chaperone associated
with HSP90 in steroid receptor complexes (Carroll et al., 2011).
Recently, it has been reported that in mice the overexpression
of HSP56 neither induces myocardial hypertrophy nor protects
the intact heart from I/R-injury (Carroll et al., 2011). Although,
HSP56 has cardiac action, it seems not protective also when
induced by the cardiac-derived peptide cardiotrophin-1, which
has cardioprotective properties (Brar et al., 2001).
Small HSPs involved in the response to I/R include HSP20,
HSP22, HSP27 and αB-crystallin, which are often increased in
response to stress. HSP27 and αB-crystallin increase in response
to stress to protect against insults such as I/R (Efthymiou
et al., 2004; Arrigo et al., 2007). These two proteins are
vital to muscle development and assembly (Brown et al.,
2007). Indeed, HSPB2/HSP27 overexpression limits I/R injury
in adult cardiomyocytes (Vander Heide, 2002). Elevated levels
of HSP27 may also participate to cardioprotection with anti-
apoptotic effects. They preserve the integrity of actin cytoskeleton
and microtubules and protect the endothelium from ischemia
(Mehlen et al., 1996; Latchman, 2001). Indeed, HSP27 behaves
as a downstream effector of p38 MAPK during ischemic or
β-adrenergic preconditioning or oxytocin protective protocols
(Marais et al., 2005; Moghimian et al., 2014).
αB-crystallin has different cellular locations and its
phosphorylation is necessary for its activation and translocation
to mitochondria and microfilaments (Jin et al., 2008).
αB-crystallin seems to bind to the Voltage-Dependent Anion-
selective Channel 1 (VDAC1) during hypoxic/redox stresses in
neonatal mouse cardiomyocytes (Chis et al., 2012) and to both
VDAC1 and ANT during myocardial infarction. αB-crystallin
mitochondrial translocation inhibits cytochrome c release
into the cytosol. αB-crystallin, by binding to different target
molecules, results protective for cardiomyocytes by preserving
sarcomeric elasticity, mitochondrial integrity and redox balance
(Bullard et al., 2004; Maloyan et al., 2005; Rajasekaran et al.,
2007). Indeed, during ischemia, αB-crystallin is phosphorylated
and translocated to the contractile cell apparatus where interacts
with several cytoskeletal proteins, such as desmin and actin, to
maintain protein folding and to prevent aggregation (Bennardini
et al., 1992; Djabali et al., 1997; Golenhofen et al., 1998; Wang
et al., 2002, 2003). After I/R insult, αB-crystallin translocates
to mitochondria (Martindale et al., 2005) where it may exert
cardioprotective effects. Indeed, αB-crystallin KO mice show
decreased contractile recovery with increased necrosis and
apoptosis (Ray et al., 2001; Morrison et al., 2004; Bousette
et al., 2010). Yet, cardioprotective post-conditioning induces a
preservation of αB-crystallin levels in pigs and αB-crystallin-
peptide administration in mice limits infarct area (Cubedo
et al., 2016). Recently, it has been reported that subchronic
nandrolone administration limits cardiac oxidative stress by
inducing the expression of antioxidant proteins, comprising
αB-crystallin, thus contributing to amelioration of post-ischemic
heart performance (Pergolizzi et al., 2017).
HSP20/HSPB6 is a small HSP located in the cytoplasm that
may translocate in part into the nucleus after a heart stress.
Induced expression of HSP20/HSPB6 limits apoptosis and infarct
size and improves cardiac contractility. HSP20 expression in
I/R seems regulated, at least in part, by miR-320 (Ren et al.,
2009). Inhibition of HSP20 phosphorylation may exacerbate
cardiac I/R damage by suppressing autophagy and increasing
other modalities of cell death (Qian et al., 2009; Edwards
et al., 2011; Fan and Kranias, 2011). In ischemic conditions,
HSP20 is associated to the sarcomeric structure in cardiac and
skeletal muscle, as well as in cardiac myoblast cell line, H9C2
(van de Klundert and de Jong, 1999; Verschuure et al., 2002;
Golenhofen et al., 2004). In cardiac cells, isoproterenol treatment
induced a redistribution of HSP20 to the cytoskeleton and co-
localization with actin. HSP20 can be phosphorylated in three
phosphorylation sites: serine 16 by PKA/PKG; serine 59 through
PKC; and serine 157 via insulin stimulation (Fan et al., 2005). Its
phosphorylation at Ser16 may provide cardioprotection against
β-agonist-induced apoptosis (Fan et al., 2004). Moreover, HSP20
may interact with the Bcl-2 family and the proapoptotic protein
Bax. The anti-apoptotic effect of HSP20 is mediated by PKA
pathway, and it prevents the translocation of Bax from the cytosol
to the mitochondria, thus limiting cytochrome c release and
caspase-3 activation (Fan et al., 2005).
HSPB8/HSP22 is another small HSP whose expression is
swiftly induced after ischemia. It is increased also 3-fold in
a pig model 1 h after reperfusion following ischemia (Depre
et al., 2001) and in the hibernating myocardium in humans and
swine (Depre et al., 2004). Indeed HSP22 overexpression limits
apoptosis and infarct size (Depre et al., 2006; Sui et al., 2009).
Also, co-chaperones are important in determining the
response to I/R stress. DnaJ-like pDJA1 increases 4-fold after
reperfusion in a pig model of I/R (Depre et al., 2003). BAG-
1, another co-chaperone, protects against I/R induced apoptosis
(Salo et al., 1991). CHIP, a co-chaperone/ubiquitin ligase
involved in protein quality control, is necessary for optimal
cardioprotection after coronary occlusion in mice. Indeed, CHIP
KO mouse shows a larger infarct size (Zhang et al., 2005).
Ubiquitin (UB) is a small molecular weight protein best known
for its role in the proteasomal degradation of damaged proteins.
Recently, it has been reported that exogenous and prolonged
treatment with UB before I/R protocol, reduces infarct size,
improves heart function and decreases inflammatory response.
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Whether this protection occurs with the intervention of CHIP is
not clear yet (Fehrenbach et al., 2000).
CONCLUSIONS
Protein misfolding and aggregation are emerging as crucial
mechanisms in inducing cardiomyopathy and ischemic damage.
The ability of chaperone proteins to inhibit unfolded protein
aggregation inducing their degradation and to potentiate
beneficial signal transduction pathways in cardiomyocytes
is responsible for chaperone-mediated cardioprotection in
different pathological conditions. ROS/RNS production in
the myocardium causes protein modification and unfolding,
inducing mitochondrial dysfunction and cardiomyocyte loss.
However, the increase in ROS/RNS levels, besides inducing
chaperone expression through the activation of specific
transcription factors, likely modify cardiac chaperones directly
on amino acid residues and/or formation of disulfide bonds,
promoting cell survival and cardiac function. This is a fascinating
possibility that would contribute to explain the mechanism of
conditioning in heart protection and open the way to new
possible therapeutic interventions.
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